a-Approximate (A-DFT) Density Functional Theory is one out of a growmg number of theoretical models by which one can study the dynamics and energetics of organometallic molecules. A-DFT calculations on a number of M-H.M-CH3 and M-CO bond dissociation energies are shown to be in good agreement with experiment. and geometries optimized by the same method are seen to compare favourably with observations. It is finally shown how the method can trace the reaction profiles of elementary reaction steps in organometallic processes.
INTRODUCTION
A chemical process catalyzed homogeneously by transition metal complexes consists usually of several elementary steps connecthg viuious intermediates. some of the most frequently encountered steps are: Lewis base (or acid) ligand association/dissociation; reductive elimination /oxidative addition; insertion/extrusion; oxidative coupling/reductive decoupling as well as nucleophilic (or electrophilic) addition to unsaturated ligands. It is, however, not easy to determine the electronic structure and geometry of reaction intermediates (some of which must be rather short lived) or the precise mechanism for each elementary step in the catalytic cycle, including the transition state geomeby. We shall here illustrate how theoretical calculations based on Density Functional Theory (Ref. l a ) successfully can supplement experimental work on catalytic processes. Our investigation will be concerned with the structure and relative stability of intermediates involved in elementary processes along with the geometry of the possible associated transition states. Calculations will further be presented on metal-ligand bond energies. The dearth of reliable experimental data on bond dissociation energies is felt throughout the field of organometallic chemistry. Accurate theoretical studies should afford a much needed supplement to the sparse available experimental data on metal-ligand bond energies, necessary for a rational approach to the synthesis of new transition metal complexes. The sparse experimental data indicate that the strengths of M-H and M-Alkyl bonds are comparable for early transition metals and f-block elements. By contrast, data for alkyl and hydride complexes of middle to late transition metals indicate that the M-H bond is stronger than the M-Alkyl bond by some 40-80 kJ mol-1. We find in general a good agreement between the experimental bond energies and the theoretical values presented in Table 1 . Also, the stability order D(M-L) > D(M-CH3) for middle and late transition metal complexes is consistent with data on organometallic reactions in which M-L and M-CH3 bonds are formed or broken. Thus, CO will readily insert into a M-CH3 bond whereas the corresponding insertions into M-H bonds are virtually unknown (Ref. 13), and methyl has likewise a larger migratory aptitude toward most other ligands than hydride. The H2 molecule is known to add oxidatively and exothermically to several metal fragments where the corresponding oxidative additions of the H-Alkyl and Alkyl-Alkyl bonds are unknown and probably endothermic as a consequence of the weak M-R bond.
The reduced strength of the M-CH3 bonds in middle and late transition metals can be readily explained (Ref. Ilb) in terms of destabilizing three-and four-electron two-orbital interactions which occur between the fully occupied methyl orbitals and the fully or singly occupied d-orbitals of matching symmetries present on the metal centres. By contrast, in early transition metal and actinide complexes, the metal orbitals of Rsymmetry are vacant and are involved in stabilizing interactions with some of the occupied methyl orbitals.
The comparable strengths of the M-H bonds in complexes of early as well as late transition metals within the same series is perhaps not too surprising, since H is a simple one-orbital ligand without additional occupied orbitals involved in fourelectron two-orbital interactions . Finally, the increase in strength of both the M-H and M-CH3 bonds down a triad, see Table 1 , is primarily related to an increase in the metal-ligand overlap. Such an increase in overlap occurs as the metal d-orbitals become more diffuse down the triad.
The extensive use of coordinatively saturated mono-nuclear carbonyls as starting materials in organometallic chemistry, along with their volatility and high molecular symmetry. has prompted numerous experimental and theoretical studies on their structure and reactivity. Special attention has been given to the degree of o-donation and z-back-donation in the synergic M-CO bond. However, in spite of many experimental investigations, there is still a lack of basic data on the thermal stability and kinetic lability of the M-CO bond in essential metal carbonyls such as M(C0)6 (M = Cr, Mo, W), M(CO)5 (M = Fe, Ru, 0s) and M(CO)4 (M = Ni, Pd, Pt), particularly with respect to the carbonyls of the second-and third-row metals. We compare in Table 2 
process is assumed to be a key step in the large volume of kinetically useful substitution reactions. CO dissociation is also required to generate catalytically active and coordinatively unsaturated species. The calculated values given in Table 2 are seen to be in reasonable agreement with experiment . A more extensive compilation of bond energies calculated by the LSD/NL. method has been given elsewhere (Refs. 11-14).
MOLECULAR STRUCTURE
A theoretical method by which one should be able to study reaction mechanism must also be capable. of determining molecular structures. It has in recent years been possible to determine molecular structures by theoretical methods with increasing accuracy. Of particular importance in this development has been the implementation (Ref. However, such methods are costly and less amenable to automated geometry optimization procedures based on analytical expressions complexes can, as in the case of bond energies, be traced E ack to the near degeneracy error as discussed by 
ELEMENTARY REACTION STEPS
We have in the previous sections documented that DFT-based methods are able to provide information on bond energies and molecular geometries of reasonable accuracy. We shall in the ensuing sections illustrate how the same methods can be used to trace energy profiles for elementary reaction steps in organometallic .
Insertion of ethylene into the cobalt-hydrogen bond
Experimental fiidings suggest that the migration of a hydride to a coordinated olefii group is very facile. In fact, the hydride-olefin insertion reaction has, with a few exceptions, rarely been directly observed.
As a consequence, metal complexes containing both hydride and olefin are scarce and it has only in a few cases been possible to study the insertion process by experimental techniques (Ref. 22) . We The energy profile for the reaction is given in Figure 1 . We find the reaction to have a very small activation banier ,AE# ,of only 6 kT/mol and a modest reaction enthalpy of -8 kJ/mol. The product of the reaction is an ethyl-complex, l b , with a pronounced agostic interaction between the metal center and hydrogen. The ethyl-complex, lb, has a short metal-hydrogen distance of 1.62A . This distance is only 0.12 A longer than the Co-H bond distance in the parent complex la. The bond length of the agostic hydrogen with the co esponding carbon atom of the ethyl ligand is, on the other and, substantially elongated with R(H-C) = is 1.45 A, which is somewhat longer than the corresponding value in the parent structure l a (1.37 A), but it is still substantially shorter than the C-C bond length of an undistorted ethyl group (1.53 A). Also the bond angle Co-Cet-CCt is with 740 considerably smaller than the expected value of about 1090 for a normal ethyl ligand.
The optimized molecular parameters of structure l b clearly indicate that the Ir-bond character of the initial eth lene ligand has been retained to a large extent. This is also underlined by the small calculated energy d i f k n c e of 8 kJ/mol between the parent structure l a and complex lb. The modest activation barrier found in this study stems from the fact that the hydrogen atom is close to cobalt throughout the migration reaction. which is an other important step in the hydroformylation cycle. The process in Eq. 2 could in principle proceed by an insertion of a CO into the Co-CH3 bond of 2, producing the coordinatively unsaturated complex, 3, with the acyl group in an axial position. Alternatively, the methyl group might migrate to a ciscarbonyl thus affording the complex 4 with the acyl group in an equatorial position.
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We fiid, perhaps not surprisingly, that the energy P f i e for the CO insertion, 2 3, into the Co-CH3 bond, Figure 2a , has a prohibitively htgh activation bamer of 200 kJ/mol. The CO insertion can as a consequence not be a viable mechanism for the process in Eq. 2.
The migration of CH3 to the cis-CO ligand,2 + 4 , was calculated. Figure 2b, Figure 2b illustrate nicely how the methyl group can slide almost parallel along the cis C-Co bond onto the cis carbonyl carbon, while the remaining Co(CO)3 framework stays almost unchanged. The 9 kJ/mol calculated for AE# in the present study is an upper bound to the actual value, and we can thus conclude that the methyl migration, 2 -+ 4 , should proceed with a rather modest activation barrier. 
